Abstract. The fragment ions observed with time-of-flight (TOF) and quadrupole ion trap (QIT) TOF mass spectrometers (MS) combined with matrix-assisted laser desorption/ionization in-source decay (MALDI-ISD) experiments of phosphorylated analytes β-casein and its model peptide were compared from the standpoint of the residence timeframe of analyte and fragment ions in the MALDI ion source and QIT cell. The QIT-TOF MS gave fragment c-, z′-, z-ANL, y-, and b-ions, and further degraded fragments originating from the loss of neutrals such as H 2 O, NH 3 , CH 2 O (from serine), C 2 H 4 O (from threonine), and H 3 PO 4 , whereas the TOF MS merely showed MALDI source-generated fragment c-, z′-, z-ANL, y-, and w-ions. The fragment ions observed in the QIT-TOF MS could be explained by the injection of the source-generated ions into the QIT cell or a cooperative effect of a little internal energy deposition, a long residence timeframe (140 ms) in the QIT cell, and specific amino acid effects on low-energy CID, whereas the source-generated fragments (c-, z′-, z-ANL, y-, and w-ions) could be a result of prompt radical-initiated fragmentation of hydrogen-abundant radical ions [M + H + H] + and [M + H -H] -within the 53 ns timeframe, which corresponds to the delayed extraction time. The further degraded fragment b/y-ions produced in the QIT cell were confirmed by positive-and negative-ion low-energy CID experiments performed on the source-generated ions (c-, z′-, and y-ions). The loss of phosphoric acid (98 u) from analyte and fragment ions can be explained by a slow ergodic fragmentation independent of positive and negative charges.
Introduction
M ass spectrometry (MS) combined with softionization methods such as matrix-assisted laser desorption/ionization (MALDI) [1, 2] and electrospray ionization (ESI) [3, 4] is an indispensable tool for analyzing biological compounds such as peptide and protein. MALDI MS is often used for analyzing phosphorylated proteins by combining with enzymatic digestion and tandem mass spectrometry (MS/MS or MS n ) [5, 6] . A method of in-source decay (ISD) coupled with MALDI has also been employed for analyzing intact proteins [7, 8] . The resulting and detectable fragment ions in MS/MS and MALDI-ISD experiments are dependent upon the ion optics such as quadrupole ion trap (QIT), triple-stage quadrupole (TSQ), tandem time-of-flight (TOF/TOF), and Fourier transform ion cyclotron resonance (FTICR) types [6] [7] [8] . Furthermore, the peptide product ions a, b, c, d, x, y, z, and w observable in high-energy collision-induced dissociation (CID) (Scheme 1) [9] and b-and y-ions in low-energy CID, are influenced by several factors such as internal energy E deposited in precursor ions, activation methods, and the ion residence timeframe in the reaction regions, which include the ion source and collision cell. It is expected that in general the fragment ions observed in CID and mass spectra correspond to the product ions generated within the residence timeframe in the collision cells of QIT (ca. 100 ms), TSQ (ca. 10 μs), TOF/TOF (ca. 1 μs) and FTICR (ca. 1 s), while the fragment ions observed in MALDI-ISD spectra using TOF MS are generated within the delay time (typically 100 ns) in the ion source.
The fragment ions that can be observed in CID and mass spectra are nearly always governed by the classic rate constant k (E) for fragmentation reactions as follows [10] :
where υ represents the frequency factor of the bond oscillators in a molecule, E and E 0 represent the internal energy and the threshold energy for cleavage of the bond of interest, and s represents the number of internal degrees of freedom. The frequency factor υ lies in the range of 10 13 to 10 14 s -1 [10] , so that the timeframe for one oscillation is around several tens of femtoseconds (10 -14 s). In the case of mass spectrometry using ESI, MALDI, and CID methods, the timeframes described above are longer than that of the bond oscillation of the analytes. It is also of importance to recognize further that bond cleavage of gaseous ions in mass spectrometry can be initiated by radical or charge sites of analyte ions such as M • generated in electron ionization (EI) ion sources are extremely active and promptly change the molecular ion structure due to intramolecular migration of hydrogen or alkyl chains [11] [12] [13] . In this case, the structural change in the M + -ions occurs in the ion source within ca. 100 ns. Furthermore, the radical-initiated fragmentation (RIF) rapidly occurs immediately after the formation of the radical cations M + • in the EI ion source or the hydrogen-abundant radical molecules [M + H]-generated in the MALDI ion source (Scheme 2) [14] . In contrast, the protonated and deprotonated analytes [ , the fragment ions can be obtained with CID methods via lowenergy charge-initiated fragmentation (CIF) or high-energy charge-remote fragmentation (CRF). It should be noted that in contrast, the MALDI-ISD occurs essentially attributable to RIF processes independent of the presence of positive and negative charges [8, 14] . Although the ISD fragments such as c-and z′-ions generated within μs in the MALDI ion source can be detected with linear or reflectron TOF MS within the μs timeframe, the source-generated fragment ions from QIT-TOF MS can be detected after ca. 100 ms through collisional cooling with cooling gas in the ion trap cell. In the case of QIT-TOF MS, the MALDI source-generated fragments such as c/z′-ions degrade by energy randomization through frequent oscillations of each bond of the fragment ions within the relatively long residence timeframe of 100 ms in the QIT cell. Therefore, the Scheme 2. Nomenclature for MALDI-ISD fragments [14] MALDI-QIT-TOF mass spectra can give the fragment ions originating from the degradation of the source-generated c/z′-ions and surviving c/z′-ions, whereas MALDI-TOF mass spectra merely show the source-generated fragment ions.
Here we compare and analyze the fragment ions detected using two mass spectrometers with different ion optics, namely TOF MS and QIT-TOF MS coupled with positive-and 
•, (2) the charge-initiated fragmentation (CIF) of the sourcegenerated fragment c-, z′-, and y-ions, and (3) the chargeremote fragmentation (CRF) of the source-generated ions in the QIT cell. It can be concluded that QIT-TOF MS detects the fragment ions originating from RIF, CIF and slow CRF reactions in both the QIT cell and the MALDI ion source, whereas TOF MS exclusively detects the fragment ions originating from prompt RIF reactions in the MALDI ion source.
Experimental
Reagents 5-Amino-1-naphthol (5,1-ANL) as a matrix material was purchased from Tokyo Chemical Industry (Tokyo, Japan). The phosphorylated protein β-casein and its phosphorylated model peptide were purchased from Sigma Aldrich (Steinheim, Germany) and Peptide Institute (Minoh, Osaka, Japan), respectively. Acetonitrile was purchased from Wako Pure Chemicals (Osaka, Japan). Water used in all experiments was purified using a MilliQ water purification system from Millipore (Billerica, MA, USA). All reagents were used without further purification.
Mass Spectrometry
MALDI-ISD mass spectra were acquired on a linear time-offlight (MALDI-TOF) mass spectrometer AXIMA Performance (Shimadzu/Kratos, Manchester, UK) equipped with a nitrogen laser (337 nm wavelength, 4 ns pulse width) operating at a pulse rate of 50 Hz. The laser spot size on the target substrate was ca. 100 μm in diameter. The ions generated in the ion source of the MALDI were accelerated using 20 kV with a delayed extraction time of 53 ns. The analyzer was operated in linear mode and the ions were detected using a secondary electron multiplier. A total of 500 shots were accumulated for each mass spectrum acquisition. MALDI-ISD and subsequent MALDI-ISD/CID spectra were obtained using a quadrupole ion trap time-of-flight (QIT-TOF) mass spectrometer AXIMA Resonance (Shimadzu/Kratos) equipped with a nitrogen laser (337 nm wavelength, 3 ns pulse width) operating at a pulse rate of 10 Hz. The ISD fragment ions injected into the QIT cell were decelerated by a static electric field of 50 V applied to the far end-cap and collided with the pulsed helium gas for 140 ms for cooling and argon gas for 30 ms for the CID experiment. The product ions generated in the QIT cell were extracted by applying a potential between the two end caps and pulsed into the TOF system with an accelerating voltage of 10 kV.
Sample Preparation
Analytes were dissolved in water at a concentration of 20 pmol/ μL. The matrix 5,1-ANL was dissolved in a solution of water/ acetonitrile (3:7, v/v). The sample solution was prepared by mixing a volume of 10 μL of analyte solution with a volume of 10 μL of matrix solution. The molar ratio of analyte and matrix molecules was ca. 1:1000. A volume of 0.5 μL of the sample solution was deposited onto a stainless-steel MALDI plate and the solvents were removed by allowing evaporation in air at room temperature.
Results and Discussion

ISD Spectra of β-Casein and Its Model Peptide Using MALDI-TOF and MALDI-QIT-TOF MS
The MALDI-ISD spectra of a phosphorylated model peptide obtained using MALDI-TOF MS and MALDI-QIT-TOF MS are shown in Figures 1 and 2 , respectively. Both positive-and negative-ion ISD spectra with TOF MS (Figure 1) showed just c-ions and minor peaks corresponding to z′-, z-ANL, y-, and wions (Scheme 2), whereas the ISD spectra from QIT-TOF MS showed b-, c-, y-, and z′-ions (Table 1 and Figure 2 ). Table 1 .
The ISD spectra of β-casein obtained with TOF MS and QIT-TOF MS are shown in Figures 3 and 4 , respectively. Both positive-and negative-ion ISD spectra from TOF MS show only c-, y-, and z′-ions (Figure 3) , whereas the ISD spectra from QIT-TOF MS show b-, c-, y-, and z′-fragment ions (Figure 4) . Furthermore, the QIT-TOF mass spectra show fragment ions originating from the loss of phosphoric acid (H 3 PO 4 , 98 u) from c-ions, whereas the TOF mass spectra did not show any peaks originating from the loss of phosphoric acid. The observed fragment ions are summarized in Table 2 .
Classifying Fragment Ions Generated in MALDI Ion Source and Ion Trap Cell
It is of importance to classify the ion peaks observed in ISD spectra into fragment ions generated in the MALDI ion source and the QIT cell. The ISD spectra obtained with TOF MS (Figures 1 and 3 ) contain fragment ions generated within the delayed extraction time (53 ns) corresponding to the residence time in the MALDI ion source. The observed fragment c-, z′-, z-ANL, y-, and w-ions ( Figure 1 and Table 1 ) originate from direct ISD and follow reactions occurring within 53 ns in the MALDI ion source. The direct ISD reactions generate intense c-ions, whereas the subsequent reactions produce weak peaks of z′-, z-ANL-, w-, and y-ions (Scheme 2). Although the y-ions are generally observed together with b-ions in the low-energy CID spectra of peptides [15] , the y-ions which are often observed together with z′-ions in the MALDI-ISD spectra of intact proteins [16] have been explained by radical-initiated fragmentation (RIF) [7] . It is also interesting that the ISD occurring within 53 ns in the MALDI ion source does not result in the loss of a phosphate group from either β-casein and its model peptide (Figures 1 and 3 ). This indicates that the ISD events that occur within 53 ns in the ion source are not a result originated from vibronic energy randomization resulting in an ergodic cleavage as pointed out by Lennon et al. [17] , and that the ISD is mainly characterized by a prompt non-ergodic reaction without hydrogen scrambling [18, 19] . It is also of importance to recognize that the MALDI-ISD is essentially an RIF reaction of hydrogen-abundant neutral species [M + H]• and occurs independently of the ionization (protonation/deprotonation) process [20] . Considering that RIF such as the McLafferty rearrangement reaction [21] [22] [23] occurs within the 10 -14 to 10 -12 s timeframe, which corresponds to the frequency factor υ in Equation 1, it is expected that unpaired electrons in radical species extremely lower the threshold energy for cleavage reactions E 0 in Equation 1. The direct ISD in MALDI supports this hypothesis.
In contrast, the ISD spectra obtained from QIT-TOF MS (Figures 2 and 4) show characteristic peaks corresponding to fragment ions originating from the loss of neutral phosphoric acid from b-, c-,
y-, and analyte ions [M + H] + and [M -H]
-. These fragment ions are produced within the residence timeframe of 140 ms through cooling processes in the QIT cell. Furthermore, many b-and y-ions were observed compared with the levels observed in ISD spectra with TOF-MS (Figures 1 and 3) . The b-and y-ions in lowenergy CID spectra are explained by the Bmobile proton,B proline (Pro) effect,^Basparagine (Asn)/glutamine (Gln) effect,^and Baspartic acid (Asp)/glutamic acid (Glu)/cysteine (Cys) effect^ [8, 15] . The striking peaks of b7 and b8 ions observed in both Figures 2 and 4 can be explained by the Asn/Gln effect and the Pro effect, respectively. The peaks of y21 ion peak ( Figure 2 ) and y10, y14, and y24 ion peaks (Figure 4) can be explained by the Pro effect. It is suggested, therefore, that the b-ions observed in Figures 2 and 4 may originate from unexpected cleavages attributable to the effects of internal energy activation and/or long residence time in the QIT cell, and that the y-ions originate from both ISD in the MALDI ion source and fragmentation in the QIT cell. The y-ions observed in Figures 1 and 3 originate from the prompt radical-initiated ISD and resultant reactions in the MALDI ion source. It is also of importance to recognize that the formation of b/yions and ions that have lost phosphoric acid (Figures 2 and  4) may originate from the injection of the source-generated ions into the bath gas environment of QIT cell.
Regarding the internal energy activation of the trapped ions in the QIT cell described above, there are limited reports. Black et al. reported that the collisional cooling of the trapped ions with helium gas resulted in the internal energy cooling, which inhibits bond dissociations [24] . The collisional cooling with helium gas lowers the translational energy T of the analyte and fragment ions, rapidly damping down (within several tens ms) their ion oscillations in the QIT cell [25] . Although there is no evidence for the energy conversion from T to vibrational energy V of the trapped ions through collisional cooling processes, it is reasonable to assume that ultra-lowenergy multiple collisions with a long residence time in the QIT cell results in the energy conversion T to V, although just little momentum transfer is expected [26] . The unexpected cleavages to form b/y-ions observed here may originate from a combination of several effects of very little energy conversion T to V, long residence timeframe (140 ms) in the QIT cell, and specific amino acid effects described above. It is also a possible effect to explain that the energy conversion T to V may occur due to the injection of the source-generated ions into the QIT cell keeping the bath gas. Such effects would open lower energy windows for ergodic fragmentation reactions leading to the formation of b/y-ions and ions that have lost phosphoric acid.
It is well known that the loss of phosphate groups (H 3 PO 4 , 98 u) from the precursor ions occurs in CID experiments of phosphorylated peptides [5, 6] . It is reasonable to consider that positive and negative fragment b-and y-ions and ions that have lost a phosphate group observed in Figures 2 and 4 are produced by low-energy collisional cooling processes with a long residence timeframe in the QIT cell, whereas c-and z′-ions observed in the ISD spectra correspond to the ion species surviving degradation in the QIT cell. The fragment ions classified into fragmentation type, reaction space, and timeframe are summarized in Table 3 .
In order to examine the product ion types originating from the degradation of c-, z′-, and y-ions stored in the QIT cell, lowenergy CID experiments performed with argon gas for 30 ms were undertaken using the MALDI-QIT-TOF MS instrument. The product ions observed in positive-and negative-ion CID spectra of the c16 (Figure 4 Table 4 . The neutral species lost from b-, c-, z′-, and y-ions can be assigned as 18 (Figure 2 ). This indicates that the loss of phosphoric acid from the analyte and fragment ions occurs independently of both positive-and negativecharges (i.e., due to Bcharge-remote β-elimination (Scheme 3a)^ [27] . In contrast, the ISD spectra obtained from TOF MS do not show any fragments originating from the loss of phosphoric acid (Figures 1 and 3) . Furthermore, the formation of w-ions observed in both positive-and negative-ion ISD spectra obtained with TOF MS (Figure 1 and Table 1) can be explained by a prompt RIF reaction within 53 ns in the MALDI ion source (Scheme 3b) [14] . Comparison of the QIT-TOF MS and TOF MS data described above indicates that significant phosphoric acid loss from analyte ions
in the QIT-TOF MS may be due to a long residence timeframe (140 ms) leading to a slow CRF ergodic reaction (Scheme 3a). Although the neutral loss of phosphoric acid from phosphorylated peptides is the most characteristic feature in lowenergy CID experiments [5, 6] , interestingly, high-energy TOF/TOF CID [6] and electron capture dissociation (ECD)/ electron transfer dissociation (ETD) experiments [28] [29] [30] give few product ions corresponding to the loss of phosphoric acid.
In the case of TOF/TOF experiments, the timeframe (μs) of passing through the collision cell may be shorter than that for ergodic degradation through sufficient energy randomization. In contrast, the ECD/ETD experiments are performed using FTICR instruments that require a timeframe of several ms for the electron capture process. The lack of neutral loss of phosphoric acid from phosphorylated peptide ions in FTICR-ECD/ ETD experiments may be due to the absence of collisional cooling gas. Thus, the internal energy E in Equation 1 deposited in FTICR cell may be smaller than the activation energy E 0 for the loss of neutral phosphoric acid.
Conclusions
The fragment ions observed in MALDI-ISD spectra of the phosphorylated protein β-casein and its model peptide were compared using two mass spectrometers with different ion optics, namely TOF MS and QIT-TOF MS, which differ in the timeframe for detecting analyte and fragment ions generated in the MALDI ion source. The QIT-TOF MS with a long timeframe (140 ms) gave c-, z′-, z-ANL, y-, and b-ions and ions that had lost phosphoric acid [M/c/z′/y/b -98n, n = 1, 2], whereas the MALDI-TOF MS with a short timeframe (μs) only showed c-, z′-, z-ANL, y-, and w-ions. The formation of the ions generated in the MALDI source (c-, z′-, z-ANL, y-, and wions • within 53 ns corresponding to the delayed extraction time. These source-generated ions can be detected by TOF MS without further degradation. In the case of QIT-TOF MS, on the other hand, the source-generated ions can be further degraded in the QIT cell before the ion detection. The QIT-TOF MS showed further characteristic degraded fragments such as ions that had lost phosphoric acid [c/z′/y/b -98n, n = 1, 2] and b-ion, which can be explained by Bcharge-remote fragmentation (CRF)^ [27] and low-energy CID mechanisms (Bmobile proton,^BPro effect,^and BAsn/Gln effect^ [8, 15] ), respectively. The identity of the further degraded fragment ions was confirmed by positive-and negative-ion low-energy CID experiments on the source-generated ions such as c-, z′-, and yions. The positive-ion CID spectra showed b/y-ions and ions that had lost phosphoric acid [b/y -98], whereas negative-ion CID resulted in the loss of neutrals H 2 O, NH 3 , CH 2 O (from Ser), C 2 H 4 O (from Thr), and H 3 PO 4 from the precursor and product b/y/c/z′-ions. Although the formation of b/y-ions observed in QIT-TOF MS can be characterized by low-energy CID mechanisms, it has been suggested that y-ions can be formed from direct and/or following ISD reactions, which are a prompt radical-initiated fragmentation within 53 ns in the MALDI ion source. The loss of phosphoric acid (98 u) from analyte and fragment ions takes place independently of positive and negative charges. The cooling process during the long residence timeframe (140 ms) of the trapped ions in the QIT cell or the injection of the source-generated ions into the QIT cell keeping the bath gas might result in an increase of very little internal energy E through energy conversion and slow ergodic fragmentations such as neutral losses. Further study is needed for clarifying the energy conversion T to V through the collisional cooling in the QIT cell or the injection of the ions into the QIT cell.
